ABSTRACT A tubulin-like protein was identified in the lower eukaryote Saccharomyces cerevisiae. The following criteria were used: (i) copolymerization of the MS-labeled yeast protein with porcine brain tubulin; (ii) immunoprvci itation of the MS-labded yeast protein with antiflagellar tubuI in antibody; (iii) the presence of the yeast protein as a constituent of isolated yeast nuclei; and (iv) splitting of the yeast protein in a gel electrophoretic system containing sodium dodecyl sulfate that resolved the a-and ,B-ubulin chains from other sources. This protein did not appear to have significant affinity for the plant alkaloid, Colcemid.
crotubule protein was prepared as described (10) . Tubulin was purified from the microtubule protein either by preparative polyacrylamide slab gel electrophoresis (11) or by ion-exchange chromatography on DEAE-cellulose (12) . Adult female New Zealand white rabbits were immunized with (A) the crude microtubule protein, or with (B) the electrophoretically purified tubulin, or with the chromatographically purified tubulin that (C) had been denatured with sodium dodecyl sulfate (NaDodSO4) or that (D) had been crosslinked with glutaraldehyde (13) and then denatured with NaDodSO4. Primary injections (1 mg of protein) were in complete Freund's adjuvant, followed by boosters (1 mg of protein) in incomplete Freund's adjuvant. For some sera, the IgG fraction was purified by ammonium sulfate fractionation and DEAE-cellulose chromatography. A similar regimen was used to prepare antiserum directed against purified yeast phosphoglycerate kinase. Microtubule protein from sea urchin sperm tail was the gift of W. Z. Cande. Antiserum against Chlamydomonas reinhardtii flagellar tubulin (14) was the gift of G. Piperno and D. Luck.
Radioimmunoassay of Tubulin. To determine the titer of a given antiserum or antibody, we added approximately 0.8 ng of 125I-labeled tubulin (125I-tubulin) (-30 ,000 cpm), labeled by the method of Hunter (15) , to a series of tubes containing 0.23 ml of 100 mM NaCl/1 mg of bovine serum albumin per ml/1% Triton X-100/50 mM Tris buffer, pH 7.5. Various amounts of antitubulin antiserum or purified IgG were added and incubated in a final volume of 0.25 ml for 16 hr at 4°. To facilitate subsequent precipitation, we supplemented each tube with normal rabbit IgG, to yield a total of 15 ,Ag. Goat antirabbit IgG (Antibodies Inc., 500 ,g) was added to give a final volume of 0.3 ml, and incubation continued for another 6 hr at 40. The precipitates were collected by centrifugation at 4500 X g for 20 min at 4°. The pellets were washed twice by successive resuspensions and centrifugations in the same buffer, and the radioactivity present in the final pellets was measured in a gamma counter (model 1195, Searle). Controls consisted of either sera or purified IgG fractions from the same rabbits before immunization or from otherwise normal rabbits. To measure crossreacting material, the procedure was essentially the same except that the competing antigen was incubated with the antitubulin serum or antibody for 4 
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Proc. Nat!. Acad. Sci. USA 75 (1978) 4963 X g for 1 hr. Extracts for radioimmunoassays of crossreacting material and for drug-binding studies were made in a similar manner from cells grown in broth. Protein concentration was determined by the method of Lowry et al. (17) , with bovine serum albumin as a standard.
Isolation of Nuclei. Nuclei were prepared by minor modifications of the procedure of Wintersberger et al. (18) .
Gel Electrophoresis. Electrophoresis of proteins (19) in slabs (0.1 X 30 X 15 cm) of 7.5% polyacrylamide gel containing NaDodSO4 was performed at pH 9.2. Under these conditions, a-and 0-tubulin subunits were well resolved.
RESULTS
Yeast Extracts Contain Material Immunologically Related to Tubulin. Microtubule protein preparation D yielded serum of the highest titer against porcine btain tubulin, as judged by radioimmunoassay. However, such antiserum was relatively specific for brain tubulin, in that binding of brain 125I-tubulin was only weakly competed for by heterologous sea urchin flagellar microtubule protein (Fig. 1A) . In contrast, antiserum prepared against Chlamydomonas flagellar tubulin was also able to bind brain 125I-tubulin, and this binding was competed for by the sea urchin protein (Fig. 1B) . Despite these differences in specificity, it was possible to demonstrate that extracts of yeast cells, but not extracts of E. coli cells, contained material that competed for binding of 125I-tubulin by both types of antitubulin serum (Fig. 2) . That the observed inhibition represented competition for binding rather than degradation of the be obtained with these antibody preparations was greater than 70% of the input radioactivity. The amount of IgG or antiserum used was such that the binding observed in the absence of competing antigen was 50% of maximum. The brain tubulin was essentially homogeneous and the sea urchin microtubule protein was at least 60%6 tubulin, as judged by densitometer tracings of profiles from polyacrylamide gel electrophoresis. (10) . When brain microtubules were formed by several cycles of assembly and disassembly in the presence of 35S-labeled yeast extracts, autoradiography revealed that the final pellets were greatly enriched in a species that migrated just slightly faster than brain tubulin marker upon electrophoresis in polyacrylamide gels containing NaDodSO4. Under conditions that resolved the a-and ,8-chains of brain tubulin well (Fig. 3) , autoradiography showed that the major species in the copolymerized yeast proteins also split into two bands (a' and 1f') which were distinct from phosphoglycerate kinase and enolase, two abundant soluble proteins. That these two bands were recovered because they became integral components of microtubules rather than nonspecifically associated with the brain proteins was supported by the following additional observations. First, the a' and 13' bands were retained and greatly enriched over their presence in whole extract (Fig.  3 (Fig. 3) .
Tubulin-Like Proteins Can Be Immunoprecipitated from Yeast Extracts by Antitubulin Antibody. The radioimmunoassays suggested that another way to confirm the relatedness of the a' and (3' bands to tubulin subunits was to use antitubulin antibody to recover these proteins from yeast extracts. Indeed, these same bands were among the proteins found in immunoprecipitates obtained with antiflagellar tubulin serum, but not with either normal rabbit serum or antiserum against phosphoglycerate kinase (Fig. 4) . The (Fig. 5A) , and even from Sepharose CL-6B (Fig. 6) . Digestion of the sample with 500 ,gg of Pronase per ml prior to chroma- tography on Sepharose 6B reduced the absorbance of the excluded peak by 90% but only lowered the radioactivity in these fractions by 16% (results not shown). In contrast, predigestion with a mixture of 500 ,gg each of phospholipases A and B per ml reduced both the radioactivity and the absorbance in the excluded fractions by 50% (results not shown). Moreover, as much or more binding to this fraction was obtained when Colcemid that had been converted to its inactive derivative, lumicolcemid, was used (Fig. 5B) . It has been amply demonstrated that lumicolcemid does not bind to brain tubulin (16) , but does bind nonspecifically to membrane fractions from various tissues (21) .
MeBzaC is a drug whose herbicidal and fungicidal properties have been attributed to an antimitotic action, perhaps involving direct binding to tubulin (22, 23 By a radioimmunoassay (Fig. 1) , yeast extracts appeared to contain material which competed for the binding of brain tubulin by antibodies directed against both homologous and heterologous tubulins (Fig. 2) . To determine if the immunological relatedness reflected functional characteristics common to all tubulins, we attempted to polymerize yeast proteins along with porcine brain microtubules assembled in vitro. We found that certain yeast proteins did interact selectively with such microtubules. The major yeast species incorporated, which we have termed a-' and (3' (Fig. 3) , seemed to be of somewhat lower molecular weight (46,000 and 45,000, respectively) than their higher cell counterparts (50,000 and 48,000, respectively), as judged by their mobilities upon gel electrophoresis with respect to yeast protein standards of known molecular weight. This copolymerization method had been used to demonstrate the presence of a and tubulin-like proteins in extracts of the filamentous fungus Aspergillus niger (26) . In fact, during the course of our work, two preliminary reports appeared that described copolymerization studies with yeast extracts. Iñ
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To agreement with our results, one of these other investigations (27) found that two major microtubule-associated yeast bands had mobilities on gel electrophoresis similar to, but greater than, those for the a and fA chains of chicken brain tubulin. In contrast, inma study using a different gel electrophoretic system (28) , the major copolymerized yeast components comigrated with the a and fl subunits of rat brain tubulin.
Since the microtubules of yeast cells remain associated with the nucleus throughout the cell cycle (2, 3) , the presence of the a' and (3' bands as constituents of isolated yeast nuclei supported their assignment as yeast tubulin subunits (Fig. 3) . Further confirmation of the specification of the a' and 3 ' bands as tubulin-like molecules was their selective immunoprecipitation by antitubulin antibody (Fig. 4) .
We examined the possibility that the a' and ' components could be detected by their affinity for antimitotic drugs known to have a mode of action through direct interaction with tubulins. Our results indicated that the Colcemid-binding activity of yeast extracts reported previously (20) was not due to a tubulin-like protein, but probably to nonspecific association of the drug with membrane fragments or lipid micelles (Figs. 5 and 6). In this regard, yeast extracts resemble those of other lower eukaryotes in which the affinity for this plant alkaloid is very low or nonexistent (29, 30) . More promising were our preliminary results with MeBzaC, which interacts with a tubulin-like protein in extracts of A. niger (23) . A MeBzaC-binding fraction of a molecular size appropriate for tubulin dimer could be detected in yeast extracts by column chromatography.
Taken together, the findings presented here strongly suggest that the a' and (3' bands are the subunits of yeast tubulin. Although these proteins appear to constitute only 1% or less of the total soluble protein in high-speed supernatant solutions of yeast extracts, large-scale purification of these species would appear to be the best way to further characterize these proteins and to confirm their identity as yeast tubulin subunits.
